INTRODUCTION
Extensive physiological data implicate endogenous ion flows in the control of regeneration and development (reviewed by Borgens et al., 1989; Levin, 2003; Nuccitelli, 1988; Robinson and Messerli, 2003) . Imposition of currents on the order of 10 A across severed spinal cords results in remarkable augmentation of regeneration in lamprey and guinea pig (Borgens et al., 1987; Borgens et al., 1990; Borgens et al., 1986) . Applied electric fields are known to enhance limb regeneration in amphibia (Borgens et al., 1979; Borgens et al., 1977) , and sciatic (Kerns and Lucchinetti, 1992; McDevitt et al., 1987) and optic nerve repair in mammals. Indeed, these data have driven clinical trials in human subjects (Shapiro et al., 2005) . However, the molecular sources of relevant currents and the downstream target mechanisms underlying the control of basic cellular functions by bioelectrical signals remain poorly understood. Without complete molecular characterization of the endogenous mechanisms underlying bioelectrical controls of growth and patterning (Levin et al., 2002; Zhao et al., 2006) , the most precise and accurate approaches to control and correction of these signaling pathways will remain out of reach. Thus, to capitalize upon the considerable basic and biomedical potential of these novel cellular signals, it is necessary to understand the genetic components that underlie bioelectrical events during development and regeneration.
The Xenopus tadpole regenerates its tail, restoring nerve, muscle, skin and blood vessel components (Deuchar, 1975) . This robust and rapid ability to regenerate a complex appendage is a tractable model for the investigation of this biomedically important phenomenon Ishino et al., 2003; Ryffel et al., 2003; Slack et al., 2004; Sugiura et al., 2004) . Regeneration possesses a number of distinct phases (Abdel-Karim et al., 1990; Cadinouche et al., 1999; Gardiner et al., 2002) . Shortly after amputation and wound healing, an initial swelling gives rise to a regeneration bud, in which proliferating cells rapidly rebuild the tail. This ability is stagespecific, and a non-permissive 'refractory' period has recently been identified [stage (st.) [45] [46] [47] ; when larvae are amputated during this time, regeneration does not take place (Beck et al., 2003) , although regeneration can be enabled during this period by activation of BMP or Notch pathways (Beck et al., 2003; Slack et al., 2004) . In children, the ability to regenerate fingertips is lost at approximately 7 years of age (Douglas, 1972; Illingworth, 1974) ; thus, the refractory period represents an exciting opportunity to understand and learn to overcome endogenous time-dependent loss of regenerative ability.
The spinal cord, notochord and muscle all regenerate from the corresponding tissue in the stump , and metaplasia between differentiated cell types in the tail probably does not occur in frog embryos as it does in axolotl (making frog regeneration more similar to tissue renewal in mammals than to Urodele tail regeneration) . Here we use the term 'regeneration bud' instead of blastema, because it is not known whether all of the regenerating tissues in Xenopus can properly be called a blastema .
Because Xenopus has enabled molecular advances in regeneration biology (Cannata et al., 2001; Ishino et al., 2003; Slack et al., 2004; Tassava, 2004; Tazaki et al., 2005) and is ideal for investigations of H + pump-dependent changes in membrane voltage are an early mechanism necessary and sufficient to induce Xenopus tail regeneration
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In many systems, ion flows and long-term endogenous voltage gradients regulate patterning events, but molecular details remain mysterious. To establish a mechanistic link between biophysical events and regeneration, we investigated the role of ion transport during Xenopus tail regeneration. We show that activity of the V-ATPase H + pump is required for regeneration but not wound healing or tail development. The V-ATPase is specifically upregulated in existing wound cells by 6 hours post-amputation. Pharmacological or molecular genetic loss of V-ATPase function and the consequent strong depolarization abrogates regeneration without inducing apoptosis. Uncut tails are normally mostly polarized, with discrete populations of depolarized cells throughout. After amputation, the normal regeneration bud is depolarized, but by 24 hours post-amputation becomes rapidly repolarized by the activity of the V-ATPase, and an island of depolarized cells appears just anterior to the regeneration bud. Tail buds in a nonregenerative 'refractory' state instead remain highly depolarized relative to uncut or regenerating tails. Depolarization caused by V-ATPase loss-of-function results in a drastic reduction of cell proliferation in the bud, a profound mispatterning of neural components, and a failure to regenerate. Crucially, induction of H + flux is sufficient to rescue axonal patterning and tail outgrowth in otherwise non-regenerative conditions. These data provide the first detailed mechanistic synthesis of bioelectrical, molecular and cell-biological events underlying the regeneration of a complex vertebrate structure that includes spinal cord, and suggest a model of the biophysical and molecular steps underlying tail regeneration. Control of H + flows represents a very important new modality that, together with traditional biochemical approaches, may eventually allow augmentation of regeneration for therapeutic applications.
biophysical controls of pattern formation (Adams et al., 2006; Esser et al., 2006) , we sought to gain mechanistic insight into the control of regeneration by ion flows in the Xenopus larval tail. Our physiological, genetic and cell-biological data show that H + flux (driven endogenously by the V-ATPase pump) underlies profound changes in membrane voltage, is necessary for initiating regeneration of the tail and correct neuronal patterning in the new tissue, and is sufficient to rescue both regeneration and axonal patterning in regeneration-refractory contexts. From these results, we synthesize a model of the molecular and biophysical events underlying tail regeneration.
MATERIALS AND METHODS

Amputation procedure and pharmacological regeneration screen
We performed a loss-of-function drug screen (Adams and Levin, 2006a; Adams and Levin, 2006b ) that relies on the use of blocker reagents, proceeding from substances of low specificity to those with high specificity, guided by a hierarchical tree of ion-transporter inhibitors. This technique has uncovered transporters involved in morphogenetic events in both vertebrates and invertebrates (Duboc et al., 2005; Etter et al., 1999; Gasque et al., 2005; Hibino et al., 2006; Pyza et al., 2004; Shimeld and Levin, 2006) .
For a list of compounds that were tested for their ability to specifically inhibit regeneration while permitting normal primary tail development, wound healing and general embryogenesis, see Table S1 in the supplementary material. Any target(s) of a reagent was ruled out for further consideration when a given compound did not affect regeneration, and in these cases broader specificity is a benefit because it allows a greater number of candidates to be filtered out. This screen implicated the V-ATPase transporter that we subsequently validated molecularly and characterized. However, the results of this screen do not prove that this is the only transporter that is important, and others may exist for which no blocker is yet available.
Xenopus laevis larval tails at st. 40-41 (Nieuwkoop and Faber, 1967) were amputated under a dissecting microscope using a scalpel blade at the point where the tail begins to taper. Amputated larvae were cultured in 0.1ϫMarc's Modified Ringer's (MMR) containing gentamycin, with and without the drug under test, at 22°C for 7 days and scored for regeneration as described below. Drug experiments (see Table S2 in the supplementary material) were repeated at least once, on a separate day using larvae from a different male/female pair, with each sample containing 50-100 larvae. Compounds (dissolved in 0.1ϫMMR) were applied at the dose indicated immediately after amputation. Because crowding may alter regenerative ability, larvae were cultured at a density of ~1 tadpole per ml (sufficient for normal growth and robust regeneration). Controls for effects of concanamycin on primary tail growth were performed by incubating embryos from st. 25 to 42, and assaying length and morphology of the tail for comparison with vehicle-only controls.
Palytoxin exposure
Palytoxin (PTX) is a protein from Palythoa tuberculosa that converts ubiquitous Na + /K + transporters into a non-specific pore leading to rapid depolarization (Castle and Strichartz, 1988; Hilgemann, 2003; Tosteson et al., 1997; Tosteson et al., 2003) , and thus is a useful reagent to probe the consequences of depolarization independent of downregulation of specific transporter expression. When exposed to 2 nM PTX for 5 days after amputation at st. 41, larvae were healthy and behaved normally, despite the inability to regenerate. This dose optimizes the trade-off between penetrance of the loss-of-regeneration phenotype and general toxicity.
Scoring of regeneration efficiency
To quantify and compare regeneration efficiency of larvae under different conditions, we introduced an ordinal measure: the 'Regeneration Index' (RI). Individual larvae within a Petri dish comprising a specific treatment, 5-7 days after amputation, were divided into the following categories: ++, complete regeneration (regenerated tail, indistinguishable from uncut controls); +, robust regeneration with minor defects (missing fin, curved axis); +/-, poor regeneration (hypomorphic regenerates); and -, no regeneration.
The ratios of larvae in each category were calculated; percentages were then multiplied by 3, 2, 1 or 0 for ++, +, +/-or -, respectively. The RI for a dish ranged from 0-300, with the extreme values corresponding, respectively, to no regeneration and full regeneration in all larvae. The RI evaluates the efficiency of regeneration at the single-dish level and allows ready comparison of the effect of treatments with controls. This is a more sensitive metric than length because it takes into account both outgrowth and dorsoventral patterning.
Proliferating cell quantification
Fixed specimens at the stages indicated were processed for immunohistochemistry with H3P (phosphorylated Histone 3B) antibody. Bleaching of natural melanocyte pigments in samples allowed easy counting of H3P-positive cells in whole-mounts. Cells were counted manually in the triangular region of tissue present caudal to the amputation plane. Between four and six samples were counted for each stage and each condition. Sectioning revealed that reagent penetration and chromogenic staining were not confounding factors in H3P-positive cell detection (data not shown).
Confocal imaging of membrane voltage
Although electrophysiology provides a quantitative measure of membrane voltage, we chose voltage dyes because: (1) we sought a broad spatial characterization of voltage gradients in the tail and bud; (2) we wanted to observe the system in a less invasive way (puncturing epithelia often gives rise to confounding injury currents); and (3) in this system, traditional electrode techniques do not easily allow one to distinguish between transepithelial potential and transmembrane gradients.
Because DiBAC 4 (3) (hereafter DiBAC) is anionic, the more depolarized a cell, the greater the accumulation of the permeant dye and the greater the intensity of intracellular, relative to extracellular, fluorescence. Successful absolute mV calibration of this dye has not yet been accomplished in this system because of the difficulties in simultaneously controlling [H + ] and [K + ], and of performing electrophysiology in single cells in the tail. Therefore, many controls (see Figs S1, S2 and S3 in the supplementary material) were performed [including autofluorescence spectra, highmagnification examination of signal homogeneity within individual cells, predicted changes in signal when cells were artificially depolarized by ionophores and manipulation of extracellular ion content, imaging with the complementary cationic dye DiSBAC 4 (2)]. Our analysis of the DiBAC data is very conservative. Briefly, depolarization of cells with ionophores led to the expected increase in DiBAC fluorescence and, observations using DiSBAC 4 (2), a cationic dye whose fluorescence decreases in response to depolarization, gave the same result as DiBAC. To maximize the information content, the conditions of imaging, including laser intensity and photomultiplier gain (or exposure time), were kept as constant as possible. Photoshop (Adobe) was used to describe the results quantitatively.
Patterns of DiBAC fluorescence were characterized (Fig. 3E ) as follows: 'Maximum' projections of z-series through stained tails were made on one of the confocal microscopes. Maximum, which displays the brightest pixel from each column of the stack to create a single image summary, was chosen because tails do not lie flat on the slide and their cross-section is not consistent; the other available projection algorithms would, therefore, each be accounting for the contribution of pixels that in fact represent the intensity of fluorescence outside the tissue. Projections were saved using the RedGreen-Blue color look-up table; this uses color, rather than brightness, to distinguish among different pixel intensities, with red being brightest (most depolarized) and blue dimmest (most polarized). Using Photoshop, identical circular ROIs (regions of interest) were drawn on the projection: the first centered in the bud, as far posterior as possible; the second centered in the shoulder region; the third placed posterior to the shoulder, over undisturbed somites (see Fig. 3E ; records of these ROIs are available on request, and examples are shown in Fig. 3 and see Fig. S3 in the supplementary material). The first ROI was placed, then the 'select color range' function was used to count the number of pixels within the ROI that fall in the intensity range represented by red, green and blue pixels, and to determine their mean intensity. The second ROI was then drawn and the process was repeated.
Finally, pixels in the third ROI were measured and counted. Using these colors insured that no saturated or underexposed pixels would be included in the quantification. Each mean intensity was multiplied by the number of pixels at that intensity, and those products were summed to give a total intensity for each ROI on each tail. The mean total intensity for each ROI in each region was then calculated, and normalized to the mean total intensity of the undisturbed cells of the regenerating tail. The points on the graph shown in Fig. 3E therefore show a measure of the center of the data. It is important to note, however, that there was sometimes large variation among individuals in the same sample. The graph and the images shown illustrate the most commonly seen pattern. Fluorescence images shown in Fig. 3 were not manipulated except to crop and resize in preparation of the figure.
Xenopus larvae were soaked in the voltage-sensitive dye DiBAC or DiSBAC (Invitrogen), at a final concentration of 10 ng/ml in 0.1ϫMMR in the dark for at least 30 minutes, then imaged with a Leica TCS SP2 Confocal Imaging system, mounted on a Leica upright DM RXE microscope. The dye was excited at 488 nm and a 20 nm band of emission wavelengths centered at 515 nm was collected. Alternatively, images were produced using an Olympus spinning disc confocal (FITC filter) mounted on an Olympus BX61 compound microscope. Data were collected using a Hamamatsu Orca AG CCD camera. Representative images shown in Fig. 3 were chosen on the basis of their brightness and fluorescence distribution falling in the middle of the range of intensities for that treatment, as determined by eye.
␥-Irradiation
Intact larvae were subjected to 10 4 rads of gamma-irradiation in a Cs 137 irradiator. Larvae were then split into subgroups, one of which underwent amputation 24 hours after the irradiation procedure. Larvae were fixed at 24 hpa or 5 dpa for immunohistochemistry.
Ion transporter misexpression
Approximately 5 ng of each construct mRNA (transcribed in vitro from YCHE78, PMA1.2 and PMA248 plasmids) was mixed with 50 ng of rhodamine-labeled dextran and 250 pg of mRNA encoding ␤-galactosidase, RFP or GFP (Zernicka-Goetz et al., 1996) (as lineage labels) and injected into the 1-or 2-cell stage embryo. These mRNAs are still strongly expressed at the time of amputation [e.g. Fig. 1FЈ ,FЉ for PMA expression persisting at st. 47; and for label protein persisting to st. 46 (Levin and Mercola, 1998) ]. By using co-injection of a fluorescent lineage label and later selecting embryos with the desired localization (using a dissecting scope with epifluorescence) prior to amputation, we were able to analyze larvae expressing a desired construct in various anatomical regions.
Statistical analysis
To compare among three or more treatments, raw data (not RIs) from the regeneration efficiency scoring were analyzed using a Kruskal-Wallis test for ordinal data, with H corrected for tied ranks. Post-hoc comparisons were made using Dunn's Q. To compare between two treatments, data were analyzed using a Mann-Whitney U test for ordinal data with tied ranks, using a normal approximation for large sample sizes. Flank cell data were analyzed using a two-factorial (age, treatment) ANOVA. For complete statistical results, see Table S2 in the supplementary material. Differences were considered significant if P<0.01.
Western blotting
Twenty-five Xenopus larvae at st. 40 were resuspended in lysis buffer (1% Triton X-100, 50 mM NaCl, 10 mM NaF, 1 mM Na 3 VO 4 , 5 mM EDTA, 10 mM Tris pH 7.6, 2 mM PMSF). Protein solution was mixed at 1:1 with Laemmli sample buffer (Bio-Rad) containing 2.5% 2-mercaptoethanol. The proteins were fractionated by SDS-PAGE and electrotransferred to a PVDF membrane. After washing, the membrane was blocked with 3% bovine serum albumin and 5% dry milk in Tris-buffered saline including 0.1% Tween 20. The membrane was then incubated overnight in a Mini-PROTEAN II multiscreen apparatus (Bio-Rad) at 4°C with the primary antibody diluted 1:2000 in TTBS plus 3% BSA and 5% dry milk. After washing, the blots were incubated with peroxidase-conjugated secondary antibody (1:5000) and developed using the ImmunoStar Chemiluminescent Protein Detection System (Bio-Rad).
In situ hybridization
Larvae were fixed in MEMFA (Sive et al., 2000) and dehydrated in methanol, followed by in situ hybridization according to standard protocols (Harland, 1991) . Ion-transporter constructs used to generate probes were KCNK1 (BC042262, Open Biosystems) and V-ATPase 16 kD subunit (BE025959, RZPD). Experiments included sense probe controls which, as expected, exhibited no signal (data not shown).
Immunohistochemistry
Xenopus larvae were fixed overnight in MEMFA, heated for 2 hours at 65°C in 50% formamide (this was not done when using fluorescent secondary antibodies), permeabilized in PBS plus 0.1% Tween 20 and 0.1% Triton X-100 for 30 minutes, and processed for immunohistochemistry using alkaline phosphatase-conjugated secondary antibody as described previously (Levin, 2004) until signal was optimal and background was minimal (usually 12 hours). Anti-ductin (V-ATPase c subunit) antibody, generated against peptide DAGVRGTAQQPR by Invitrogen, reveals one single clear band of predicted size on a western blot and was used at 1:500. Anti-Caspase-3 (Abcam #AB13847), anti-acetylated ␣-tubulin (Sigma #T6793), and antiphosphorylated histone H3B (Upstate #05-598) were used at 1:1000. Anti-KCNK1 [a generous gift of S. A. Goldstein (University of Chicago, IL) and D. Bockenhauer (Yale University, CT)] was used at 1:500. Anti-PMA1 (Santa Cruz Biotechnology SC-33735) was used at 1:200. Axon detection was performed using AlexaFluor 555-conjugated goat anti-mouse secondary antibody (Invitrogen) at 1:500. Fluorescence images were collected on a Leica TCS SP2 confocal imaging system at ex =543 or an Olympus BX61 with the TRITC cube. Some larvae were embedded in JB4 (Polysciences) and sectioned at 30 m. Control experiments omitting primary or secondary antibody showed no signal (data not shown). Images in Fig. 1GЈ and Fig. 5A -G were processed using Adobe Photoshop as follows. Background autofluorescence was removed by segmentation of the original fluorescence images. The brightest pixels could readily be selected such that the selection best represented the pattern of axons. This selection was then pasted onto the transmitted light photographs of the same sample. The original unmanipulated images are available on request. Overall image brightness was adjusted for optimal clarity. Images and localization data presented in all expression figures represent consensus patterns obtained from analysis of at least 15 larvae in all experiments.
RESULTS
V-ATPase activity in the tail is required for regeneration
We performed a loss-of-function pharmacological screen (Adams and Levin, 2006a; Adams and Levin, 2006c) in Xenopus larvae designed to identify endogenous ion transporters that are required for tail regeneration but not involved in general embryogenesis, wound healing or primary tail development (see Table S1 in the supplementary material). The assay quantified regeneration efficiency using a 'regeneration index' (RI), which uses a scale from 0 to 300, with 300 representing complete regeneration.
Normal regeneration resulted when larvae amputated at st. 41 (Fig. 1A ,AЈ) were exposed to a wide variety of pharmacological reagents (see Table S1 in the supplementary material). By contrast, exposure to 150 nM concanamycin, a potent and highly specific inhibitor of the V-ATPase H + pump (Huss et al., 2002) , resulted in a strong inhibition of regeneration (Fig. 1B,BЈ) in the absence of general toxicity or developmental abnormalities (RI reduced from 216 to 49, n=226, PӶ0.001) (see Table S2 in the supplementary material). Therefore, we focused on the V-ATPase (Nishi, 2002) , which generates voltage gradients at the expense of ATP, when expressed in vesicular or cell plasma membranes (Wieczorek et al., 1999) . Analysis of the localization of activated Caspase-3 in control and V-ATPase-inhibited larvae (Fig. 1C,D) revealed that regenerating tails normally possess a small apoptotic cell group (Tseng et al., 2007) , but no increase in the degree of apoptosis was 1325 RESEARCH ARTICLE V-ATPase in regeneration observed after V-ATPase inhibition, suggesting that an upregulation of cell death does not account for this failure to regenerate and is not a consequence of V-ATPase inhibition (as might be expected if growth was stunted owing to abrogation of an essential housekeeping function).
Injections of mRNA into the 1-cell, fertilized Xenopus egg result in mosaic expression (Sive et al., 2000) . We took advantage of this to explore the spatial properties of the V-ATPase activity, as early injections result in a population of embryos exhibiting varied (random) localizations of exogenous protein that can be later sorted into subgroups according to the different areas that have been reached. By co-injecting a fluorescent lineage label and selecting embryos with the desired localization (using a dissecting scope with epifluorescence) prior to amputation, we were able to analyze embryos expressing a desired construct in head, tail, etc. (a posteriori sorting). Moreover, mRNAs injected in this manner can produce protein that is still robustly expressed at the time of amputation [e.g. ion pump mRNA shown in Fig. 1FЈ ,FЉ, and marker mRNA shown by Levin and Mercola (Levin and Mercola, 1998) ]. We utilized this technique rather than targeted electroporation into the tail region because the process of electroporation itself appeared to nonspecifically interfere with the subsequent ability to regenerate (data not shown).
To confirm the role of V-ATPase in regeneration, we phenocopied the pharmacological phenotype by misexpression of mRNA encoding a molecular loss-of-function construct. We chose to use a protein-specific dominant-negative approach rather than morpholinos because the frog embryo contains considerable
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Development 134 (7) Fig. 1 . The V-ATPase is required for tail regeneration in Xenopus. When amputated at st. 41 (A), the Xenopus laevis larva (n>1000) rapidly rebuilds a tail (AЈ). Regeneration, but not anterior development, primary tail growth or wound healing, is abolished by specific inhibition of the V-ATPase H + pump (n=226) by concanamycin treatment immediately after cutting (B; close-up shown in BЈ). Blue lines in A-BЈ indicate approximate amputation plane. This inhibition of regeneration is not due to an upregulation of apoptosis, as concanamycin-treated tails (C) do not show a greater degree of staining for the apoptosis marker activated Caspase-3 than controls (D) when processed at 48 hpa. When the dominant-negative V-ATPase E subunit is expressed in tails, regeneration is not observed (E, compare with BЈ, n=66), while otherwise normal development continues. For statistical analyses, see Table S2 amounts of maternal V-ATPase protein (Adams et al., 2006 ) that would remain untouched by techniques targeting mRNA. Using a well-characterized dominant-negative V-ATPase E subunit, YCHE78, that specifically abrogates the activity of the V-ATPase complex (Lu et al., 2002) , we observed the same phenotype as that obtained with concanamycin: YCHE78 misexpression in the tail prevented regeneration when cut at st. 41 (Fig. 1E) as compared with injected animals not exhibiting YCHE78 expression in the tail (n=66, P<0.01) (see Table S2 in the supplementary material). These data strongly support the necessity for endogenous local V-ATPase function in the tail for regeneration.
The crucial activity for regeneration is cell-surface H + pumping To test whether it is the H + pumping activity of the V-ATPase that is important for regeneration, we misexpressed a concanamycininsensitive yeast P-type H + pump, PMA (Masuda and MonteroLomeli, 2000) . Control larvae (injected with ␤-gal mRNA) exhibited no signal in immunohistochemistry with an anti-PMA antibody (Fig.  1F) . By contrast, larvae from embryos injected with PMA mRNA often exhibited strong expression in the regenerating tissue (Fig.  1FЈ,FЉ) . Misexpression of PMA in the tail largely prevented the strong inhibition of regeneration by pharmacological V-ATPase blockade [ Fig. 1G ,GЈ,H; embryos scored 7 days post-amputation (dpa); there was a 3-fold increase in RI relative to concanamycinexposed embryos; n=127, P<0.01 (see Table S2 in the supplementary material)]. This rescue experiment demonstrated that it is indeed H + pumping endogenously provided by the V-ATPase that is blocked by concanamycin, and that this normally ensures complete regeneration, ruling out possible cryptic functions of the V-ATPase complex in regeneration. Crucially, because PMA is a cell-surface H + pump only (Bowman et al., 1997) (Fig. 1FЉ) , its ability to rescue the concanamycin phenotype demonstrates that it is the plasma membrane, not the vesicle membrane functions of the V-ATPase that are important for regeneration.
Cell-surface expression of V-ATPase is rapidly induced in existing cells
We next examined endogenous expression of V-ATPase in the regeneration bud of larvae cut at st. 41. Most ion translocators are absent from the regeneration bud ( Fig. 2A,AЈ) . By contrast, the c subunit of the V-ATPase was expressed at the mRNA (Fig. 2B,BЈ) and protein (Fig. 2C,CЈ ) levels, specifically in the regeneration bud, within 6 hours post-amputation (hpa). A low level of background expression elsewhere in the trunk was detected, owing to the ubiquity of vesicular V-ATPase (DNS). Strong plasma membrane expression (Fig. 2CЉ) was observed in the regeneration bud, in cells of the epithelium covering the bud, and in mesenchyme cells immediately under the wound epithelium (see also Fig. S4 in the supplementary material, which shows a later time-course). Consistently, preliminary observations indicated a strong H + efflux from the surface of bud cells at 24 hpa, as measured using an 1327 RESEARCH ARTICLE V-ATPase in regeneration The same is true in irradiated larvae examined at 48 hpa (E), which exhibit no cell proliferation, as detected by the phosphorylated Histone H3B marker (F, compare with normal pattern of proliferation in G). Sections were generated as described by Levin (Levin, 2004) . Larvae shown in A-E are oriented with anterior towards the bottom; sections AЈ,BЈ,CЈ,FЈ,GЈ are oriented with anterior to the right and dorsal upwards. Larvae in F,G are shown at 48 hpa. White arrowhead points to regeneration bud with lack of expression. Red arrows and arrowheads indicate positive signal (expression of RNA or protein marker). extracellular, self-referencing ion-selective (SERIS) probe (K. R. Robinson and D.S.A., personal communication) . Thus, the pump is expressed in a spatio-temporal pattern consistent with an endogenous role in the regeneration bud; moreover, the cell-surface expression is consistent with the observed rescue of regeneration by a H + pump that is only functional in the plasma membrane, not vesicles (Fig. 1FЉ) .
We also investigated tails cut during the 'refractory' period. VATPase expression was observed in tails cut at st. 46-47 and fixed at 24 hpa (Fig. 2D) , suggesting that their inability to regenerate was not due to the failure to induce V-ATPase expression in the regeneration bud, but rather to a problem with a physiological process downstream of V-ATPase-component translation.
To determine whether the V-ATPase is normally upregulated in existing cells or produced by a new cell population generated in response to amputation, we irradiated larvae, a procedure that abolishes cell proliferation (Li et al., 2001; Salo and Baguna, 1985) . Irradiated larvae still upregulated V-ATPase expression in the wound (Fig. 2E) , despite confirmed loss of proliferative cells (Fig. 2F,G) , suggesting that the V-ATPase upregulation takes place in existing wound cells and does not require the production of a new cell type in the regeneration bud.
V-ATPase regulates membrane voltage in regeneration bud cells
We next directly examined the physiology of the regeneration bud using the voltage-reporter dye bis-(1,3-dibutylbarbituric acid)pentamethine oxonol (DiBAC 4 (3); referred to here as DiBAC) (Epps et al., 1994) Figs S1 and S2 in the supplementary material). The uncut, st. 41, regeneration-competent tail contained scattered populations of cells depolarized relative to the rest of the tail (Fig.  3A,AЈ) . At 6 hpa in a regenerating tail, cells of the bud were depolarized relative to the rest of the tail (Fig. 3C,E) . Then, consistent with the above data implicating control of ion flow in the bud by the V-ATPase (a hyperpolarizing transporter) upregulated during the first 6-12 hpa, we found that by 24 hpa, the cells of the bud had largely repolarized (Fig. 3D) . Staining with the cationic oxonol DiSBAC 4 (2), a slow-response membrane voltage probe, confirmed that the bud was repolarized (see Fig. S3 in the supplementary material). Interestingly, by 24 hpa, a new domain of depolarized cells appeared in what we term the 'shoulder' region (Fig. 3B,D,E) . As expected, tails treated with the V-ATPase-inhibitor concanamycin showed strong depolarization in the bud and throughout the tail (Fig. 3F,FЈ) , and refractory tails (Fig. 3G -GЉ,E) failed to repolarize the regeneration buds by 24 hpa, unlike regeneration-competent larvae.
To ask whether an effect on membrane voltage is a mechanism by which the V-ATPase pump controls regeneration, we depolarized tails without directly targeting V-ATPase, using 2 nM PTX, which converts the Na + /K + -ATPase into a Na + /K + channel (Castle and Strichartz, 1988; Hilgemann, 2003) . This resulted in a 33% reduction in the RI (n=81, P=0.002) despite normal health and behavior, demonstrating that the regeneration bud is more dependent on membrane voltage level than cells elsewhere, and suggesting that the membrane voltage (and downstream voltage-sensitive pathways) is indeed relevant for regeneration. Based on these DiBAC and functional data we conclude that, consistent with its expression and the known functions of the V-ATPase throughout phyla (Wieczorek et al., 1999) , the ion pumping activity of the V-ATPase is an important determinant of the steady-state membrane polarization level in the regeneration bud cells, and that the membrane voltage range differs in predictable ways in regeneration-competent and regeneration-incompetent tails.
H
+ pumping rescues regeneration of refractory tails To determine whether induction of H + flow is a promising strategy for inducing regeneration, we attempted to rescue regenerative ability during the refractory period by misexpression of the yeast PMA H + pump, which would tend to repolarize the bud (mimicking the function of the V-ATPase). Expression of PMA exhibited the predicted cell-membrane localization pattern (Fig. 1FЈ,FЉ) . Remarkably, expression of PMA led to regeneration in a significant number of refractory tails (Fig. 3I-IЉ,K) . More than twice as many injected tails regenerated to some degree (36% compared with 15% of controls), and of those that regenerated, PMA-injected embryos regenerated to a much better degree (compare Fig. 3HЉ with IЉ; Fig.  3K ), with 18% of injected embryos showing good or perfect regeneration as compared with 5% of controls. A Mann-Whitney U test to compare degrees of regeneration confirmed that this difference is highly significant (n=103, PӶ0.001).
To confirm that PMA rescue was related to membrane potential changes, DiBAC was used to visualize PMA-rescued tails for comparison with refractory tails. We found that PMA-injected embryos that subsequently went on to regenerate (Fig. 3J,JЈ) had indeed repolarized their buds relative to unmanipulated refractory tails (compare Fig. 3J with 3GЈ ) and, as predicted, had the characteristic relative-depolarization of the shoulder (Fig. 3E) . The ability of a heterologous H + pump to repolarize the bud and induce regeneration suggests that PMA is not susceptible to the posttranslational events that inhibit V-ATPase in refractory tails, and confirms that PMA may be a useful reagent for rational modulation of bioelectric conditions in vivo.
V-ATPase controls cell proliferation in the bud
Failure to regenerate after V-ATPase inhibition could be due to insufficient cell growth and/or a lack of morphogenetic cues. To gain insight into cellular mechanisms through which the V-ATPase controls outgrowth (to link V-ATPase activity to downstream effector modules), we characterized cell proliferation using an antibody to phosphorylated Histone H3B, which is a standard marker of cells in the G2-M transition of the cell cycle, and useful for identifying mitotic cells in regenerating systems including Xenopus (Saka and Smith, 2001; Sanchez Alvarado, 2003) . At 24 hpa, this subset of proliferating cells was found to be homogenously distributed throughout the growing tail (Fig. 4A) . By 48 hpa, these cells were highly enriched in the regeneration bud, but often largely absent from the region of the flank anterior to the amputation (Fig.  4B) . Specific inhibition of the V-ATPase resulted in an ~6-fold decrease in the number of proliferating cells in the bud (Fig. 4C-DЈ ), but only a 2.5-fold decrease in the number of proliferating cells in the flank at 24 hpa (this reduction did not noticeably impair larval development or behavior). These data reveal that the V-ATPase is required for the upregulation of proliferation in the growth zone by 48 hpa, demonstrating that the effect of this pump is distinct in the regeneration zone from that in other tissues. The normal development of uncut embryos cultured in concanamycin from fertilization (A.M., D.S.A. and M.L., unpublished) suggests that the contribution of the V-ATPase is much greater for regeneration than it is for normal growth.
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V-ATPase function controls expression of early genes in the bud
We next sought to uncover functional links between V-ATPase activity and gene expression in the regeneration bud. Markers such as Notch are only expressed later, and in tissue that does not exist in V-ATPase-inhibited larvae. Thus, we utilized immunohistochemistry with an earlier marker normally expressed by 12 hpa: the K + channel KCNK1 (Fig. 4E,EЈ) . When V-ATPase activity was abrogated by concanamycin or by a 24-hour incubation in medium containing function-blocking anti-V-ATPase antibody, KCNK1 expression was absent (n=13, Fig. 4F-GЈ) . Thus, V-ATPase is upstream of at least some gene expression in the regeneration bud, including that of other ion transporters specifically expressed during early stages of regeneration. (Here, KCNK1 was used only as a novel marker for early stages of regeneration in the Xenopus tail; evidence that KCNK1 may be functionally involved in regeneration will be presented elsewhere.)
V-ATPase-dependent H + flux controls axon pattern during regeneration
To characterize morphogenetic consequences of V-ATPase abrogation, we examined axons using an anti-acetylated ␣-tubulin antibody. In normally regenerating tails, axons appear to be increased in number relative to the uncut tail portion, and they extend into the bud in bundles parallel to the anterior-posterior axis (Fig. 5A) . By contrast, axons of V-ATPase-inhibited tails increase in density, but axon patterning is abnormal, with axons absent from the middle of the regeneration bud (Fig. 5B) or appearing tangled at the tail tip (Fig.  5BЈ ). These data demonstrate that V-ATPase is required not only for expression of marker genes in the regeneration bud and the increase in proliferation in the growth zone, but also for the patterning of axons in the tail. Consistently, our data show that expression of the yeast proton pump, which was able to rescue V-ATPase-inhibited and refractory-inhibited regeneration, also restored normal axon patterning to concanamycin-treated tails (Fig. 5C ). Moreover, in normal refractory tails, there is no apparent increase in the number of axons, and those that are present terminate well anterior of the tail tip (Fig. 5D) . However, expression of the yeast proton pump in refractory tails induced the proliferation and the axonal patterning normal to regeneration, both in tails that were rescued and in those in which regeneration was not induced (Fig. 5E,EЈ) . In those larvae in which normal tail outgrowth was not rescued by PMA, the presence of axons at the very edge of the wound was induced in 25 of 30 animals (Fig. 5E ), demonstrating that neural patterning and outgrowth are separate from the morphological regenerative response, with both downstream of H + flux. Finally, to determine whether the abnormal axonal patterning observed in V-ATPase-inhibited larvae is caused by the inhibition of cell proliferation, we ␥-irradiated larvae before amputation at st. 41 to abolish cell proliferation (Fig. 2F) . In such animals, despite a lack of regeneration, axons extended all the way to the tip in bundles parallel to the main axis of the bud (Fig. 5F,G) , in contrast to the situation after V-ATPase inhibition (Fig. 5B,BЈ) . Thus, the patterning of axons depends upon V-ATPase activity in a pathway parallel to the induction of cell proliferation, and is not a secondary consequence of mitotic activity. 
DISCUSSION
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Development 134 (7) The V-ATPase: endogenous source of H + flux required for regeneration The V-ATPase was suggested as a high-priority candidate in regeneration through a drug screen (Adams and Levin, 2006a; Adams and Levin, 2006b) . A wide range of channel/pump blockers had no effect on this process (see Table S1 in the supplementary material). By contrast, V-ATPase blockade, using a highly-specific drug inhibitor or an even more specific molecular dominant-negative subunit, blocked regeneration (Fig. 1B,BЈ,E) , but had no effect on wound healing, normal continued development or tail growth, and did not induce additional apoptosis (Fig. 1C,D) . These loss-offunction data, showing inhibition of regeneration but not overall toxicity, confirm the vital role of the V-ATPase in tail regeneration, demonstrate that the regeneration process is not generally labile under pharmacological perturbation, and strongly suggest that it is not simply a housekeeping function necessary for cell survival that is being disrupted by inhibiting V-ATPase.
Although the V-ATPase provides the endogenous ion flux necessary for regeneration, it is the H + pumping per se, and not some other function of this complex, that is important, because a heterologous cell membrane H + pump was able to rescue regeneration during pharmacologic or physiologic V-ATPase inhibition ( Fig. 1F-H) . The V-ATPase in the bud cells is localized to the plasma membrane (Fig. 2CЉ) and, like the PMA pump that rescues refractory embryos, contributes to transmembrane voltage. Inhibition of regeneration with a reagent that depolarizes strongly but does not produce a pH gradient (PTX) suggests that the voltage contribution of H + transport activity is crucial. As in the early frog embryo (Adams et al., 2006) , the bud-localization and cell-membrane H + pump rescue data indicate that it is the cellsurface activity of this pump that is key. This does not rule out the possibility that the voltage across internal membranes is also controlled in part by the V-ATPase; however, PMA's ability to rescue regeneration while localized specifically in the plasma membrane argues that plasma membrane voltage is crucial for regeneration.
Concanamycin inhibits regeneration during the first 24 hours of regeneration, but not prior to amputation (during primary tail development). Together with the results that normal development of the rest of the tail and continued normal development of anterior tissues after tail amputation are unaffected by concanamycin, this argues for a regeneration-specific role of VATPase; it also argues against any relevance of early effects our constructs might have had when injected during cleavage stages. Moreover, the effects on regeneration (loss-and gain-of-function) specifically occurred in those animals in which the early expression of a co-injected reporter was observed in the tail prior to cutting. Together with a rapid, endogenous upregulation of plasma-membrane V-ATPase in wound cells (Fig. 2B-CЉ) and VATPase-dependent membrane voltage changes in the regeneration bud (Fig. 3) , this argues for a role at the site of regeneration starting between 6 and 12 hpa.
Induction of regeneration by H
+ flow H + pumping is sufficient for inducing regeneration because a heterologous H + pump is able to substitute for V-ATPase (Fig.  1G ,GЈ,H; Fig. 3IЈ-JЈ) . Although in unmanipulated tails this H + pumping activity is normally provided by V-ATPase, it can be mimicked by other means of H + extrusion. It is striking that the expression of a single H + pump can overcome inhibitory conditions, and this suggests that H + flux is upstream of regeneration pathways that are not disabled during the refractory period, but, rather, are simply not triggered. A primary role for ion transport in the wound epithelium is consistent with classical transplantation studies revealing that it is the skin that determines the regeneration potential in limbs (Borgens, 1984; Rose and Seller, 1946; Slack, 1980) . Although we have shown that VATPase function is required for regeneration, mere V-ATPase expression is not sufficient to induce regeneration, as refractory tails still express V-ATPase in the bud (Fig. 2D ) but are unable to regenerate (Fig. 3GЈ,GЉ) . It is likely that the 'refractory' condition involves yet-uncharacterized post-translational factors that interfere with V-ATPase's ability to repolarize the bud. Importantly, our data indicate that the yeast P-type H + pump is able to overcome these non-permissive conditions (Fig. 5EЈ ) and is thus a good candidate for use as a reagent to manipulate cell membrane voltage in other systems subject to a time-dependent loss of regenerative ability. The demonstrated rescue of the patterning of axon growth (Fig. 5A-G In refractory-stage larvae, axons terminate in a loop at a considerable distance from the edge, and perpendicular to the main tail axis. Expression of PMA rescues the neuronal phenotype, resulting in axon growth to the very edge of the wound in non-regenerating tails (E), and parallel outgrowth of axons into the new tissue of regenerates (EЈ). The normal pattern of axons, reaching to the end of the tissue at 7 dpa (F), is not affected by irradiation (G), which abolishes cell proliferation and regeneration; axons reach to the distal edge of the irradiated tissue. Tails shown in A-E are 72 hpa; those in F-G are 7 dpa.
pumping provides not merely a permissive yes/no signal, but also contributes a degree of morphogenetic information to neuronal cells.
Physiological domains responsible for regenerative ability in the tail
The direct spatial characterization of electrophysiology of the tail under various conditions (Fig. 3) revealed two bioelectrically unique regions (Fig. 6A-F) . Firstly, the regeneration bud expresses VATPase, and its activity is revealed by the hyperpolarization of the bud under regeneration-permissive conditions. This extrusion of positive charges at the bud surface would produce the well-studied trans-epithelial potential (McCaig et al., 2005) , which is known to guide migratory cells during morphogenesis (Shi and Borgens, 1995; Zhao et al., 2006) . The other special region is present in the 'shoulder' anterior to the bud (Fig. 6F) ; these cells are depolarized under permissive conditions. In light of the known link between depolarization and de-differentiation state (Cone, 1971; Cone and Cone, 1976; Olivotto et al., 1996) , it is tempting to hypothesize that the disorganized melanocytes observed there (Fig. 6F ) are indicative of a region of active morphogenetic respecification. It is not yet known whether the depolarization of core cells in the shoulder region is due to the electric field arising from transport at the bud (or conventional biochemical signals), but characterization of this region, and the specific transporters underlying its depolarization, are a high priority for future work.
Consistent with a primary role of voltage in regenerative processes (Borgens, 1988; Jenkins et al., 1996; McGinnis and Vanable, 1986) , our data show strong differences in membranevoltage-reporter dye signal among tail cells in conditions of different regenerative ability (Fig. 3) . Comparison of voltage maps (Fig. 3E) revealed that regenerating buds must repolarize themselves within
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Development 134 (7) . This results in a particular pattern of relative hyper-and depolarization in the regeneration bud and shoulder cells, respectively (characterized at 24 hpa in Fig. 3) . A key parameter here is the physiological condition of bud cells (membrane voltage); when hyperpolarized by the activity of a H + pump, whether naturally or through judicious misexpression of specific transporters, this leads to depolarization in a rostral cell group (24 hpa), an upregulation of mitosis (48 hpa), and subsequent axonal outgrowth (48-72 hpa), ultimately resulting in the regeneration of the complete tail. Refractory-stage larvae cannot regenerate owing to a failure to repolarize the bud and depolarize shoulder region cells. Ectopically-induced H + flux can rescue upstream steps and initiate the program of regeneration, thus representing a tractable initiation point for therapeutic approaches.
24 hpa. By contrast, under non-growing conditions (Fig. 3E-GЈ) , we observed stronger and/or more depolarization (refractory and VATPase-inhibited). This is consistent with a pivotal role for VATPase activity in setting the membrane voltage level of bud cells. Uncut tails exhibit a highly variable population of depolarized cells throughout, possibly indicative of the slow distributed growth pattern of intact tails. The voltage of the cells in regenerating tails is set by a different mechanism; H + pumping is thus a physiological process that distinguishes regeneration from normal growth and wound healing.
Synthesis of data into a step-wise, mechanistic model of regeneration We suggest a model that integrates the known molecular genetic and physiological components (Fig. 6G ) and is consistent with previous studies linking membrane voltage level to growth and morphogenetic potential in organisms from yeast (Yenush et al., 2002) to mammals (Amigorena et al., 1990; Binggeli and Weinstein, 1986; Cone and Cone, 1976; Cone and Tongier, 1971; Kunzelmann, 2005; Nilius and Wohlrab, 1992; Wang et al., 1998; Woodfork et al., 1995) . Amputation triggers expression of the V-ATPase in existing wound cells. The voltage gradient in the bud depends on the VATPase, but the precise physiological state is likely to be a complex function of several transporters. K + ions are usually key to the control of membrane voltage and could assist in the repolarization function; thus, the KCNK1 channel expressed in the bud downstream of V-ATPase activity represents an important target for future functional analysis.
Downstream of the physiological module driven by H + pump activity lies expression of the regeneration-specific genes and, in parallel, upregulation of cell division and neuronal outgrowth -two major components of the regenerative response. How do voltage gradients translate into morphogenetic cues? A variety of biophysical mechanisms for transducing membrane voltage changes to secondary messenger effectors are now known (Cherubini et al., 2005; Levin et al., 2006; Murata et al., 2005) . Our data suggest that control of regeneration by V-ATPase-dependent proton flux may take place through at least two mechanisms: control of cell number through modulation of membrane voltage (Cone, 1974; Cone and Cone, 1976; Gilbert et al., 1996; Olivotto et al., 1996; Tseng et al., 2007) , and proper guidance of axon growth into the regenerate.
It has long been known that nerve supply is a key factor in regeneration (Bodemer, 1964; Singer, 1952; Thornton, 1956; Yntema, 1959) . The observation that neurites are galvanotactic (Hinkle et al., 1981; McCaig, 1986; McCaig et al., 2002; Pullar et al., 2001; Trollinger et al., 2000) and that applied fields induce hyper-innervation of treated limbs led several investigators to hypothesize that regeneration bud currents induce regeneration by attracting migratory neuronal cells (Hanson and McGinnis, 1994; . Although gradients of membrane voltage per se will not induce galvanotaxis, the H + flux from V-ATPases functioning in the bud epithelium (Fig. 2C) creates an electric field (Fig. 6E ) that may lead to large-scale bioelectric conditions that trigger galvanotaxis of neurons (Gruler and Nuccitelli, 1991; McCaig et al., 2002) . However, it is unlikely that induction of axonal growth by ion transport is the only mechanism required because, in the PMA rescue experiments, many more tails exhibited rescued axon growth (83%) than exhibited regeneration (36%).
Our observations reveal a hitherto unidentified molecular component of regeneration that functions alongside the important recently discovered biochemical controls of this process . The efficiency of the induction of regeneration might be improved even further by future work that gained a finer control over ion flow in the bud and shoulder region. To our knowledge, this is the first example of the induction of regeneration by molecular expression of an ion transporter and provides a novel entry-point into this complex process. The membrane voltage gradients and H + flows driven by the V-ATPase and other transporters are a promising target for gain-of-function approaches. Genetic modulation of ion flows in existing cells within wounds may be exploited by future biomedical efforts and may be a promising new modality for augmenting regeneration and minimizing side effects in clinical settings. 
